The growth inhibitory effects of four retinoic acid (RA) derivatives, 9-cis RA, 13-cis RA, N-(4-hydroxyphenyl) retinamide (4-HPR), and all-trans retinoic acid (ATRA) were compared. In addition, the effects of various combinations of these four agents were examined on non-small cell lung carcinoma (NSCLC) cell-lines, and on the expressions of retinoic acid receptors (RARs) and retinoid X receptors (RXRs) on these cells. At the clinically achievable concentration of 1 M, only 4-HPR inhibited the growths of H1299 and H460 cells-lines. However, retinoic acid receptor (RAR ) expression was up-regulated on H460 and H1299 cells treated with 1 M of ATRA, 13-cis RA, or 9-cis RA. All NSCLC cell lines showed growth inhibition when exposed sequentially to 1 M ATRA and 0.1 M 4-HPR. In particular, sequential treatment with 1 M ATRA or 13-cis RA and 4-HPR markedly inhibited H1703 cell growth; these cells exhibited no basal RAR expression and were refractory to 4-HPR. However, in NSCLC cell lines that expressed RAR , the expressional levels of RAR were up-regulated by ATRA alone and by sequential treatment with ATRA and 4-HPR. 4-HPR was found to be the most active of the four agents in terms of NSCLC growth-inhibition. Moreover, sequential treatments with ATRA or 13-cis RA followed by 4-HPR were found to have synergistic growth-inhibitory effects and to regulate RAR expression.
INTRODUCTION
The retinoids, a group of vitamin A derivatives, have been identified as potential cancer treatments and have been reported to exert anti-cancer effects, which include the apoptosis and differentiation of cancer cells (1, 2) . The major metabolic forms of vitamin A in vivo are retinol, retinal, and all-trans retinoic acid (ATRA). The 9-cis retinoic acid (RA) and 13-cis RA are natural ATRA isomers, whereas 4-hydroxyphenyl retinamide (4-HPR) is a conformationally restricted synthetic retinoid (3, 4) . It has been established that ATRA inhibits the proliferation and induces markers of apoptosis and squamous differentiation in non-small cell lung carcinoma (NSCLC) cell lines (5) . A phase II study of ATRA as a single agent in NSCLC showed minimal activity (8% response rate in 28 patients) and mild toxicities (6) . Moreover, although 13-cis RA is the best-studied chemopreventive retinoid in the aerodigestive tract (7), 13-cis RA treatment did not reduce the overall rates of second primary tumor development, recurrence, or mortality in stage I NSCLC (8) . 9-cis RA is a naturally occurring ligand that exhibits a high degree of affinity for retinoic acid receptors (RARs) and also binds to retinoid X receptors (RXRs) (9) . 9-cis RA has been observed to have a chemopreventive effect in an A/J mouse lung carcinogenesis model, and this was accompanied by retinoic acid receptor (RAR ) upregulation (10) . Kurie et al. assessed the efficacies of two retinoid-based regimens, 9-cis RA and 13-RA+ -tocopherol, in former smokers, since the loss of RAR expression in bronchial epithelium is considered to be a biomarker of preneoplasia, and 9-cis RA has been reported to increase RAR expression (11) . 4-HPR (Fenretinide) is a synthetic retinoid which inhibits the growths on a large number of lung cancer cell lines, including cell lines unresponsive to ATRA (12) . However, no comparative study has been conducted to determine which retinoid is most effective at causing the growth inhibition of NSCLC cells.
4-HPR acts mainly via retinoic acid receptor (RAR ), and in part via RAR (13) . On the other hand, ATRA, 13-cis RA, and 9-cis RA are compatible with all RARs/RXRs subtypes (14) . The major difference between 4-HPR and the other RA derivatives is the ability to induce apoptosis; however, it does not induce cell differentiation (12) . 4 -HPR has been shown to induce apoptosis in a variety of epithelial and hematologic malignancies, but the mechanism involved has yet to be clearly elucidated (15, 16) . Two possible mechanisms have been proposed to explain 4-HPR-induced apoptosis.
The first involves the participation of retinoid receptors in 4HPR-induced cellular events. This suggestion is supported by the observations that 4-HPR-induces RAR expression in various human carcinoma cell lines (13) , and that 4-HPR induces the activations of retinoic acid receptor (RAR ), RAR , and RXRs (4). The second mechanism involves the interruption of mitochondrial membrane potentials associated with the generation of reactive oxygen species (ROS) by 4-HPR (17) . Moreover, 4-HPR appears to be more robust than ATRA with regard to its apoptosis-inducing abilities in NSCLC cells (18) . However, the possible clinical use of 4-HPR raises questions concerning the need for long-term treatment and the safe and effective dosage required for the long-term inhibition of cancer cell growth. Thus, novel treatment methods are required with improved clinical efficacies. In the present study, we assessed the growth inhibitory effects of the four RA derivatives, 9-cis RA, 13-cis RA, 4-HPR, and ATRA, when treated singly, sequentially, and simultaneously and compared these treatments with regard to RAR mRNA expressional induction in NSCLC cell lines. The other objective of this study was to determine whether 4-HPR induces apoptosis by enhancing ROS production or by upregulating retinoid receptor expression. Thus, we conjectured, if 4-HPR induces apoptosis primarily via ROS generation, other retinoids, which act as antioxidants, may exhibit an antagonistic effect when combined with 4-HPR. On the other hand, if 4-HPR acts on RARs, combinations of 4-HPR and other retinoids might result in synergism. In this study, we show that sequential treatments with ATRA or 13-cis RA and 4-HPR can synergistically inhibit NSCLC cell growth via RAR regulation. From the clinical point of view, although in vitro studies have demonstrated that 4-HPR (at concentrations ranging from 1 to 10 M) suppresses the growths of malignant cells of various histotypes, including NSCLC, the mean serum level of 4-HPR in patients receiving 200 mg daily was only 0.26 M (19). Even though a higher plasma peak level of 4-HPR could be achieved at higher dosages, plasma peak concentrations of <3 M appear to be safe (19) . Thus, we also examined whether sequential treatments incorporating therapeutic doses of retinoids and low concentrations of 4-HPR synergistically cause growth inhibitory effects in lung cancer cells, and whether these occur via RAR or RXR pathways.
MATERIALS AND METHODS

Cell Lines and culture
The NSCLC H460, H1299, H1703, and A549 cell lines were obtained from the American Type Culture Collection (ATCC, Rockville, MD, U.S.A.). H1299, H1703, and H460 cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), whereas A549 cells were cultured in F12 supplemented with 10% FBS. All cell lines were grown at 37℃ in a humidified 5% CO2 atmosphere. Cells were seeded at 5×10 5 cells/10-cm plate in 10% FBS-containing medium, but at 70% confluence were incubated for 24 hr in 0.5% FBS-containing medium, in order to minimize the effects of endogenous RA in culture medium. They were then treated with retinoids for 48 hr, washed twice in phosphatebuffered saline (PBS; pH 7.4), and collected by trypsinization.
Reagents and treatments
ATRA, 13-cis RA, 9-cis RA, and 4-HPR were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.), dissolved in 100% DMSO at 100 mM or 10 mM (4-HPR), and stored in the dark at -80℃. We treated cell lines with these agents to evaluate interactions between 4-HPR and the other retinoids in the following ways: protocol 1 (0.1 M 4-HPR alone), protocol 2 (1 M ATRA alone), protocol 3 (0.1 M 4-HPR for 1 hr followed by 1 M of ATRA), protocol 4 (1 M ATRA for 1 hr followed by 0.1 M of 4-HPR), and protocol 5 (simultaneous treatment with 0.1 M 4-HPR plus 1 M ATRA). 13-cis RA or 9-cis RA were examined in the same manner as ATRA.
MTT assays
Cellular growth rates were determined using MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) assays. Cells were grown in 96-well plates in 0.5% FBS-containing medium at an initial density of 5×10 3 cells/well. After 24 hr, wells were treated with various concentrations of retinoid. After 24, 48 or 72 hr, 50 L of MTT solution (Sigma, St. Louis, MO, U.S.A.) was added, and plates were incubated at 37℃ for 4 hr. Media and treated solutions were then aspirated, and the formazan formed was solubilized with 150 L DMSO. Cell viabilities were measured as recommended by the manufacturer, and individual well absorbances were measured at 540 nm using a microplate reader (BioRad, Hercules, CA, U.S.A.).
RT-PCR
Total cellular RNA was isolated from cells treated with or without various concentrations and combinations of retinoids, using TriReagent-RNA isolation reagent (Molecular Research Center, Cincinnati, OH, U.S.A.), according to the manufacturer's instructions. Two-microgram aliquots of total RNA were used to generate cDNAs using Moloney murine leukemia virus reverse transcriptase (MMLV; Gibco/BRL, Gaithersburg, MD, U.S.A.) and Oligo-d (T)15 primer (Roche, Indianapolis, IN, U.S.A.) in a final volume of 20 L. Reaction mixtures consisted of 5x first strand buffer (Gibco/BRL), 0.1 M DTT, 2.5 mM each dNTP, 2.5 units/ L MMLV, and 2.5 M Oligo-d(T)15 primer. The cDNA products (1 L) obtained were then subjected to PCR to amplify RAR 2 and -actin. The sense and antisense primers used for RAR 2 were 5′ -CAT GTT TGA CTG TAT GGA TG-3′and 5′ -AGC CCT TAC ATC CCT CAC AG-3′ , respectively, which produced a 329-bp PCR product, and those for -actin (the internal control) were 5′ -ACC CAG ATC ATG TTT GAG ACC-3′and 5′ -GGA GTT GAA GGT AGT TTC GTG-3 ′ , respectively, and produced a 486-bp PCR product. The PCR reaction mixture (50 L) consisted of 1× reaction buffer, 2 mM MgCl2, 200 M dNTP, 0.4 units Han-Taq polymerase (Genenmed, Seoul, Korea) and 0.2 M of each primer. An initial denaturation at 94℃ for 5 min was followed by 35 amplification cycles of 94℃ for 30 sec, 50℃ for 30 sec, and 72℃ for 1 min and a final extension step at 72℃ for 10 min. The PCR products obtained from each sample were then electrophoresed on 2% agarose gel, stained with ethidium bromide, and photographed.
Median effect analysis
Median effect analysis, using the Hill equation, was used to determine synergistic, additive, and antagonistic effects, when up to three agents were combined (20) . H1703 cells were incubated for 1 hr with different concentrations of AT-RA or 13-cis RA (at 0.5, 1, 2, or 4 M), and then incubated for 48 or 72 hr with 4-HPR (0.05, 0.1, 0.2 and 0.4 M). The effects of sequential treatment with ATRA or 13-cis RA and 4-HPR were determined using a dose-effect analysis software (Biosoft, Cambridge, England). CI values indicated synergism (CI<1), an additive effect (CI=1), or antagonism (CI>1).
Northern blot analysis
Total sample cellular RNAs (10 g) were electrophoresed on 1% agarose gel, transferred overnight to GeneScreen Plus � nylon membranes (NEN � Life Science Products, Inc., Boston, MA, U.S.A.) by the capillary transfer method, and then immobilized on membranes by UV crosslinking. RNA blots were prehybridized and then hybridized to [ -32 P]-dCTP-labeled RAR cDNA probes, which were kindly donated by Dr. Jonathan M. Kurie and Dr. Ronald Evans (the University of Texas, M.D. Anderson Cancer Center, Houston, Texas and the Salk Institute, San Diego, CA) (19) (20) (21) . After incubation overnight, membranes were washed under highstringency conditions (0.1X SSC at 65℃) and exposed overnight (below -70℃) to radiography film for autoradiography. Membranes were also stripped and reprobed with GA-PDH cDNA, which was used as an RNA loading control. Quantitative analyses were performed with a Multi-Image light cabinet, and quantified using a Gel-doc Image analyzer (Bio-Rad, Hercules, CA, U.S.A.).
RESULTS
Growth inhibitory effects of retinoids on NSCLC cell lines
To compare the efficiencies of the retinoids, H460, H1299, H1703, or A549 cells were treated with increasing concentrations (0.1-10 M) of retinoids for 24, 48, or 72 hr, and then MTT assayed. Growth inhibition was defined when treated cells had viabilities <70% of those of untreated cells. Weak or no growth inhibition was observed after treating either A549 or H1703 with low or high concentrations (0.1 or 1 M, respectively) of 4-HPR (Table 1 ). In contrast, H1299 cell growth was inhibited by 4-HPR at both of these concentrations, whereas H460 cell growth was inhibited by 4-HPR at 1 M only. At the clinically achievable concentration of 1 M, no growth inhibition was observed by treatment of 9-cis RA, 13-cis RA, or ATRA in any of the four NS-CLC cell-lines. Although the treatment with 9-cis, 13-cis RA, or ATRA at 10 M inhibited cell growths by 30-84%, this concentration is difficult to achieve in human serum due to intolerable toxicity or rapid drug metabolism.
Expression patterns of RAR in response to retinoids
In order to determine whether retinoid treatment restores RAR expression, RAR mRNA levels in NSCLC cells treated with retinoids were assessed by RT-PCR. Since the pharmacologically achievable concentration of retinoids is 1 M, this concentration was used for each retinoid. Although no growth inhibitory effect was observed after adding ATRA, 13-cis RA, or 9-cis RA at 1 M, it was found that RAR expression was up regulated in H460 and in H1299 cells treated with ATRA, 13-cis RA, or 9-cis RA at 1 M (Fig. 1) . Moreover, A549 cells revealed RAR expression induction after treatment with 1 M ATRA or 1 M 9-cis RA, whereas 1 M 13-cis RA failed to increase RAR expression in these cells. H1299 cells and H460 cells, which showed growth inhibition after being treated with 1 M 4-HPR, also showed 
Growth inhibitory effects of combinations of 4-HPR and other retinoids in NSCLC cell lines
To investigate the growth inhibitory effects of combinational (sequential and simultaneous) treatments with 4-HPR and other retinoids, each of the NSCLC cell lines was treated using the sequential and simultaneous protocols described in 'Materials and Methods'. All NSCLC cell lines showed growth inhibition when exposed to 1 M ATRA followed by 0.1 M 4-HPR ( Fig. 2A) . In particular, sequential treatment with ATRA or 13-cis RA and 4-HPR (ATRA or 13-cis RA 1 M for 1 hr followed by 4-HPR 0.1 M for 48 hr) markedly inhibited the growth of H1703 cells, which exhibited no basal RAR expression and were refractory to 4-HPR treatment. These results imply that the growth inhibitory effects of 4-HPR can be facilitated by pretreating first with other retinoids that regulate the expressions of RARs or RXRs.
Synergistic effects of sequential ATRA or 13-cis RA and 4-HPR in H1703 cells
In order to confirm the synergistic effects of sequential ATRA or 13-cis RA and 4-HPR, combination index (CI) plots were drawn. Table 2 (Fig. 3) . ATRA or 13-cis RA for 1 hr followed by 4-HPR, especially for 72 hr of 4-HPR treatment showed consistent synergism with various combinations of ATRA or 13-cis RA with CI values of <1, indicating synergism.
RARs and RXRs expressions after treatment with combinations of 4-HPR and retinoids (ATRA, 13-cis RA, or 9-cis RA) in NSCLC cell lines
In order to determine whether combinational treatments of 4-HPR and other retinoids enhance RAR or RXR expressions, northern blot analyses were performed (Fig. 4) 
lines and induced RAR in three cell lines (except H1703).
In the other NSCLC cell lines, which showed basal RAR expression, RAR expressional levels were up regulated by 1 M ATRA alone or by sequentially treating with 1 M ATRA and 0.1 M 4-HPR (Fig. 4B) . In contrast, RAR expression was induced by 1 M ATRA in all NSCLC cell lines, but these inductions of RAR were lost by simultaneously or sequentially treating ATRA and 4-HPR in all four NSCLC cell lines (Fig. 4C) .
Basal RAR -positive NSCLC cell lines revealed RAR expressional induction after 0.1 M 4-HPR treatment, whereas H1703 cells, which did not exhibit RAR basal expression, showed reduced RAR expression after treatment with 0.1 M 4-HPR. The synergistic growth inhibition shown by H1703 cells sequentially treated with ATRA 1 M for 1 hr followed by 4-HPR 0.1 M for 48 hr was accompanied by reduced RAR expression. Moreover, this sequential treatment with 4-HPR prevented the upregulation of RAR by ATRA. These findings indicate that sequential treatment with other retinoids and 4-HPR may cause growth inhibition due to the modulation of RAR expressions by the initially treated retinoids.
DISCUSSION
The retinoids are a class of natural and synthetic vitamin A analogues, and some retinoids are known to play major roles in cell growth regulation and in the differentiation of normal, benign, and malignant cell types. Retinoids are among the most intensively studied cancer chemoprevention agents. However, the broad biological activities of the retinoids lead to a number of undesirable side effects, which limits their long-term clinical usefulnesses as chemopreventatives (21).
13-cis RA was found to be effective at reversing upper aerodigestive tract premalignancies (22) and at preventing second primary tumor development in advanced head and neck cancer (23) , but its administration was also associated with significant toxicity. In terms of lung cancer treatment, the United States Intergroup Study found no benefit for 13-cis RA intervention in individuals with a prior history of lung cancer (8) . In the present study, no growth inhibitory effects were observed on therapeutic (1 M) dosages of ATRA or 13-cis RA, although RAR expression was found to be upregulated in NSCLC cell lines after ATRA or 13-cis RA treatment.
9-cis RA, a natural ATRA isomer, is a pan-agonist that is able to bind to and activate both RXRs and RARs. 9-cis RA can activate RXR/RAR heterodimers, RXR/RXR homodimers, and other nuclear receptor complexes in which RXR is a ligand-binding partner, such as, vitamin D receptor and peroxisome proliferator-activated receptors (24) . Thus, by virtue of its unique receptor-binding properties, 9-cis RA exerts biological effects that differ from those of ATRA or 13-cis RA. In a recent study, 9-cis RA was found to up regulate RAR expression in bronchial squamous metaplasia (11) , which suggests that 9-cis RA is a potential chemopreventive agent in NSCLC. However, in the present study, 9-cis RA inhibited NSCLC cell growth only at higher than clinically acceptable concentrations.
4-HPR, despite its inability to bind directly to nuclear receptors, shows some preventive activity in experimental animals, and was also found to be active in lung cancer cell lines, where it inhibited growth and induced apoptosis. However, 4-HPR does not induce cell differentiation as in RAs, but rather induces apoptosis (12, 25, 26) , which is not effectively induced by RAs. ROS production, the RAR/RXR pathway, and a variety of mechanisms yet to be elucidated can mediate 4-HPR-induced apoptosis. Moreover, several previous reports have indicated that 4-HPR is far more potent than ATRA in terms of inducing NSCLC cell apoptosis, thus indicating the need for further preventative and therapeutic trials (18) . Although in vitro studies have demonstrated that 4-HPR (at concentrations ranging from 1 to 10 M) suppresses the growth of NSCLC cells, and that these effects are associated with apoptotic induction, 4-HPR was not effective at reversing squamous metaplasia, dysplasia, or genetic and phenotypic abnormalities in the bronchial epithelium of smokers (27) . This inactivity of 4-HPR with respect to pathologic changes in bronchial mucosa raised the possibility that serum 4-HPR levels in this previous study were too low to achieve a biological effect. The apoptotic effects of 4-HPR in tissue cultures typically require 4-HPR concentrations of >1 M (18) . A phase I trial of 4-HPR in children with neuroblastoma demonstrated that high-dose 4-HPR was well tolerated up to 4,000 mg/m 2 /day (19) . The highest dose examined in this trial produced an average drug plasma level of 12.9 M, and an association was found between plasma peak levels and toxicity-associated side effects. After repeated treatments, plasma peak concentrations of <3 M appeared to be safe. Moreover, the frequency of grade 2-3 toxicity was found to be significantly higher in patients 
